Abstract: In this paper, a direct ac-to-dc power converter is proposed for efficient energy
Introduction
The recent development of compact and efficient semi conductor technologies has enabled the development of low-power wireless devices. Typical applications for such devices are wireless sensor nodes for structural monitoring, data transfer, biomedical implants etc.
Batteries have been traditionally used as the energy source for such low-power wireless applications. However, they are inherently limited by capacity and size considerations. Therefore, they need to be recharged and replaced periodically. For low-power requirement of a few milli watts, harvesting energy from the environment has become feasible option.
Vibration based energy harvesting is a popular way of extracting electrical energy from the environment. In particular, electromagnetic micro generators work on the principle of faraday"s law of electromagnetism. They utilize ambient vibrations to enable movement of a permanent magnet which induces an electromotive force in a stationary coil. The amount of harvested energy can be controlled by changing the load resistance connected to the coil. Unlike other popular vibration-based generators like piezo-electric micro generators, electromagnetic generators have to be specifically designed for a particular environment.
Many types of micro generators, used in the self-powered devices, are reported in the literature for harvesting different forms of ambient energies [1] - [6] . The power level of the inertial -micro-generators is normally very low ranging from few microwatts to tens of mill watts. Based on the energy conversion principle, the inertial micro-generators can be classified mainly into three types: electromagnetic, piezoelectric, and electrostatic [5] , [6] , among them, the electromagnetic micro-generators have the highest energy density [5] , [7] - [10] .
The electromagnetic generators are typically spring-mass damper-based resonance systems "as shown in Fig.1 " in which the small amplitude ambient mechanical vibrations are amplified into larger amplitude translational movements and the mechanical energy of the motion is converted to electrical energy by electromagnetic coupling.
Fig .1 Schematic diagram of an inertial micro generator
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www.iosrjournals.org 33 | Page An electromagnetic power generator consists of a copper coil, a permanent magnet (also acting as a mass), and a spring, the permanent magnet is attached to the coil through the spring. This generator works when there is a vibration input, the coil cuts through the magnetic flux formed by the permanent magnet due to the relative displacement between the permanent magnet and the coil. A sinusoidal electromotive force (EMF) in the coil can be generated and thus transfers mechanical energy into electrical energy. Since the output power of the power generator is very low, ranging from few micro-watts to tens of mill-watts, an energy harvesting interface circuit with high power transfer efficiency need to recharge and store the electrical power into the energy storage elements.
In the electromagnetic micro-generators, due to practical size limitations, the output voltage level of the generators is very low (few hundreds of mill volts), whereas the electronic loads require much higher dc voltage (3.3 V) [9] .The conventional power converters, reported for energy harvesting [3] - [5] , mostly Consist of two stages, a diode bridge rectifier and a standard buck or boost dc-to-dc converter. However, there are major disadvantages in using the two-stage power converters to condition the outputs of the electromagnetic microgenerators. For very low-voltage electromagnetic micro-generators, rectification is not feasible by the use of conventional diodes. To address the problems of the two-stage power converters a new direct ac-to-dc power converter "as shown in Fig.3 ", without conventional diode bridge rectifiers. Fig.3 direct ac-to-dc power conversion A dual polarity boost converter topology for such ac-dc conversion was proposed "as shown in Fig.4 ".
Fig. 4 dual polarity boost converter
This converter uses two inductors and the output dc bus is split into two series connected capacitors. The fundamental principle behind the proposed topology is the use of two boost converters each operating in one half cycle of the ac voltage. Each capacitor is charged only in the respective half cycle. However, they discharge to the load continuously causing large voltage drops. Extremely large capacitors are needed to make the voltage ripple acceptable. This makes the converter response very slow; the control of the converter also requires input line polarity sensing adding further complexity.
Since the output dc bus is split into two series connected capacitors and each of these capacitors is charged only for one half cycle of the micro generator output voltage. As the time periods of the resonancebased micro generators" output voltages are normally in the order of milliseconds, very large voltage drops will occur in the capacitors during the half cycles when they are not charged by the converter. Extremely large capacitors will be required to achieve acceptable voltage ripple at the output dc bus. This is not practical due to the size limitations of the micro generators.
To address the problems of the conventional two stage converters, direct ac-to-dc converter is proposed (11) . The proposed converter is shown in fig.5 .The proposed converter consists of a boost converter in parallel with a buck-boost converter. The output dc bus is realized by using a single capacitor. The output capacitor is charged by the boost converter in the positive half cycle and by the buck-boost converter in the negative half cycle. Therefore, it resolves the problems present in a dual-polarity boost converter. Fig .5 proposed direct ac-to-dc converter The proposed direct ac-to-dc converter utilizes the negative output to input voltage gain of a buckboost converter to step-up the negative half input voltage of the micro generator to a positive high-dc output voltage.
The H-bridge converter topology for direct ac-to-dc boost conversion(12), standard 4-switch H-bridge converter or the 2-switch," as shown in Fig.6(a) , and (b)". To achieve the boost operation, the lower switches (S 1 and S 2 ) these two converters should be able to conduct in both the directions. The bidirectional conduction capability of the two MOSFETs (S 1 and S 2 ) can be used to achieve the boost operation. During the positive half cycle of the input voltage, S 2 is kept on for the entire half cycle and the gate pulse to S 1 is controlled to achieve the boost operation. Likewise, in the negative half cycle, S 1 is kept on for the entire half cycle and S 2 is controlled. To achieve the boost operation, these two topologies use single inductor compared to the two inductors used in the proposed converter. However, there are several disadvantages in these Two H-Bridge converters. In H-bridge converters, there are two devices in the conduction path during charge or discharge of the boost inductor. But in the proposed converter, only a single device conducts during the charge or discharge of the inductors. In H-bridge converters, the MOSFETs, used for the boost operation (S 1 and S 2 ) , are operated for the entire cycle of the input ac voltage. But in the proposed converter, any MOSFET is operated only for a half cycle of the input ac voltage. Therefore, the device conduction losses in the proposed converter are reduced by more than a factor of two. The input voltage polarity has to be sensed to control S 1 and S 2 , but in the H-bridge topologies, the input voltage source is floating with respect to the output voltage ground. Therefore, the implementation of the control circuit is difficult.
In the energy harvesting applications, as the power level is very low, these losses are significant compared to the total output power. As, the MOSFETs are designed for forward conduction, in the reverse conduction mode they offer higher on-state resistance. This further increases the conduction losses in the Hbridge topology. It can be mentioned that although the proposed converter uses two inductors ( 1 L and 2 L ), they do not operate in the same half cycle. Therefore, their total losses are almost equal to the losses of the single inductor used in the H-bridge converters. The rest of the paper organized in the following manner: Detailed analysis of the converter and the proposed control schemes to control the converter are explained in II. Design guidelines are explained in III. Proposed self-staring circuit and the converter control circuit implementation are explained in IV & V. Simulations are presented in VI. Finally the conclusion is presented.
II. Direct Ac-To-Dc Converter
The proposed direct ac-to-dc converter, "as shown in Fig 5" , consists of a buck-boost and a boost converter. The dc bus of the proposed converter is realized by using only one capacitor. The output capacitor C of this converter is charged by the boost converter (comprising inductor L1, switch S1, and diode, D1) and a buck-boost converter (inductor L2, switch S2, and diode D2) during the positive half cycles and negative half cycles of the sinusoidal ac input voltage (vi), respectively. N-channel MOSFETs are utilized to realize the switches S1 and S2. It can be noted that the MOSFET s are subjected to reverse voltage by the ac output of the micro-generator. To block the reverse conduction, the forward voltage drop of the body diodes of the MOSFETs is chosen to be higher than the peak of the input ac voltage. Two schottky diodes (D1 and D2) with low forward voltage drop are used in the boost and the buck-boost converter circuits for low losses in the diodes. It can be noted that the diodes can be replaced by MOSFETs to further improve the efficiency of the converter.
Since the input current of a buck-boost converter is discontinuous. Hence, in this study, both the boost and buck-boost converter are operated in discontinuous mode (DCM) to control the output current of microgenerator. It can be noted that under constant duty cycle DCM operation, the input current is proportional to the input voltage at every switching cycle; therefore, the overall input current will be in-phase with micro-generator output voltage. A converter operating with a constant duty cycle has only fundamental and switching harmonic frequency components (much higher than the fundamental) thus, offers a resistive load to the micro-generator. By changing the equivalent load resistance offered to the micro-generator, the damping force in a microgenerator can be set to an optimal value to achieve maximum energy harvesting.
The 
Mode 1 operation:
This mode starts when the gate drive voltage, Vg1, is high, and hence, the boost-switch S1, is turned on. The current in the boost-inductor, L1, starts to build from zero. During this mode, gate drive voltage, Vg2, is low, so S2, is in "off" condition and the diodes, D1 and D2 are also "off". The current direction during this mode "as shown in Fig.7 ". During this mode, L1 forward biases D1 and its stored energy charges the output capacitor, C.S2 and D2 remains "off" in this mode. It can be noted that during Mode 1 and Mode 2, the input applies reverse voltage across S2 but the higher forward voltage of the MOSFET body diode holds back any current conduction though it, the current directions during this mode "as shown in Fig.8 ". 
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Mode 4 operation:
The MOSFET S2 is turned off in this mode and the inductor L2 forward biases the diode D2. The energy stored in L2 charges the output capacitor C, the current directions during this mode "as shown in Fig.10 ". It should be noted that other than this modes there will be DCM operation of both the converters; in which all the switches and diodes will be in off conduction. It can be noted that the output capacitor c is charged in the same direction in each half-cycle. To achieve maximum energy harvesting by offering optimal damping to the micro-generators, the input current should be controlled. Hence, in this study, the boost and the buck-boost converters are controlled with fixed duty cycle to achieve an input current proportional to the input voltage.
A. CONVERTER ANALYSIS
Consider the input current waveform of the converter for the analysis is "as shown in Fig.11 Where Ts is the time period of the switching cycle, Db is the duty cycle of the boost converter, When the boost switch S1 is turned on, the current in the boost inductor L1 starts to build from zero and reaches a peak value.
The peak value of the inductor current ( pk i ) in the boost converter is
After the boost converter switch 1 S is turned OFF, the current in the inductor starts to fall until the 
The averaged power supplied by the generator in the boost switching cycle is 2 ) (
The number of switching cycles during the time period of one input ac cycle is defined as
.since the boost converter is operated for the half time period of tha input ac cycle (T i /2). The average input power ( ib P ) of the boost converter over this half cycle time period is 
The average input power of the boost converter ib 
It can be noted that in (10), β is constant for fixed values of Vp and Vo. Also, it is noticed that for large switching frequency of the converter, the average power is independent of the micro generator output voltage.
In steady state, the average input power of the converter is equal to the sum of the average output power and the various converter losses. Hence, by defining the converter efficiency as Further, consider the operation of the buck-boost converter; in this case the input power is supplied only during the ON period of the switch S2 (see Fig. 5 ). During the OFF period of the switch S2, the input current is zero [see Fig. 11(a) ].
Consider any th k switching cycle of the buck-boost converter "as shown in Fig .10 ".
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The main application of a step-down/step-up or buck-boost converter is in regulated dc power supplies, where a negative-polarity output may be desired with respect to the common terminal of the input voltage, and the output voltage can be either higher or lower than the input voltage.
When the buck-boost switch 2 S is turned ON, the input provides energy to the inductor i.e. current flows through the inductor 2 L , starts to build from zero and reaches a peak value.
The peak value of the inductor current ( pk i ) in the buck-boost converter is
When the buck-boost switch 2 S is turned OFF, the energy stored in the inductor is transferred to the output. No energy i.e. current is supplied by the input during this interval nothing but input current is zero.
Hence for any th k switching cycle, the average power supplied by the buck-boost converter kc P is The variable β from equation (10) is plotted as a function of the step-up ratio (Vo /Vp) "as shown in Fig.13 ". For large values of voltage step-up ratio (Vo/Vp), the value of β approaches to 1. Hence, for higher voltage step-up ratio applications, the boost and the buck-boost converters can be designed with inductors of equal values and they can be controlled with the same duty ratio to successfully deliver the required average power to the output.
For Vo/Vp → 1, the value of β approaches to infinity. Therefore, from Equation (10), the input power for the boost converter may seem to approach infinity as well. But in this case, the duty cycle of the boost converter b D approaches to zero for Vo/Vp → 1. Therefore, no power is transferred from the input to the output and the equation remains valid even when Vo /Vp = 1.
It can be mentioned that there could be two possible energy harvesting scenarios. One, in which the converter is controlled to harvest maximum power available from the vibrating body and the micro generator system and store it in an energy storage component (like battery) at the output. In this case, the output voltage is mainly decided by characteristics of the energy storage component. In the second scenario, the converter is controlled to harvest the amount of power demanded by the load while maintaining the desired output voltage. In this paper, the second scenario is considered to control the converter.
III. Design Guidelines For Selection Of Converter
The design steps for this converter are to select the MOSFETs, inductors, and the switching frequency of the converter. In a practical energy-harvesting scenario, the controller and the MOSFET driver circuit of the converter are required to be self starting and they should be powered by the energy harvesting system to power the controller and the drivers at the beginning, when the converter starts up.
For a given micro generator and a load, the input and output voltages are specified. Therefore, in this case, the voltage ratings of the MOSFETs are decided by the output voltage of the converter. The current rating of the MOSFETs has to be decided by the designer. It can be noted that the MOSFET carries maximum current at the peak of the input voltage from Fig.11 (a) . The maximum current Imax of the converter can be given as The relationship between the maximum input current and the duty cycle for different Input power is "as shown in Fig.14" . The relationship between the value of the inductor (L) and the duty cycle over a range of switching frequency "as shown in Fig.15 ".
Fig. 15 duty cycle versus inductance
Using these charts and the equations, the initial values of the key components of the converter can be decided. It can be noted that the value of the maximum current ( max I ) changes proportionally with the input power (Pin) of the converter. Therefore, the size of the MOSFETs can be scaled as per the power requirement of the load. This is applicable for even low-power applications, demanding less than 1 mw of power. The duty cycle and the frequency of the converter can be appropriately selected to choose the desired value of the inductor.
IV. Auxilliary Self-Starting Circuit
The proposed self-starting auxiliary circuit utilizes a battery and schottky diodes for this purpose "as shown in Fig.16". www.iosrjournals.org 42 | Page therefore, the battery will not be powering the controller and the driver. At this time, they will be powered from the converter output through the diode a D . During this condition, the battery will remain under floating condition. It can be noted that only a very small amount of energy is taken from the battery for the startup of the energy harvesting system. Furthermore, the used energy of the battery can be replenished by recharging it from the output of converter through the diode Dc. Therefore, the entire amount of energy used for the converter operation, including the energy used during its starting, is harvested from the ambience. Therefore, with proper design and selection of the components, this auxiliary circuit can be used to operate the energy harvesting system virtually for indefinite period of time.
V. Control Circuit Of The Converter
The circuit diagram for the implementation of the proposed energy-harvesting converter and its control scheme "as shown in Fig.17 ". The resonance-based electromagnetic micro generator is modeled as an ac voltage source. A signal generator followed by a high-current buffer is used to realize the micro generator output voltage from Fig.17 . This buffer can be realized by using a power operational amplifier in voltage follower mode.
The sensed output voltage of the converter is processed by a low-pass filter. The processed signal is compared with the reference voltage Vref. The error signal is used by the PI controller to estimate the control voltage that is compared with a saw-tooth waveform in the pulse width modulator (PWM). The pulse signal produced by the PWM is fed to the two buffers that can be enabled by external signals. The comparators in the polarity detector unit enable the appropriate buffers to produce the gate pulses (Vg 1 and Vg 2) that control the MOSFETs of the boost and buck-boost converter during appropriate half cycles It can be summarized that the self-resistance and self-inductance of the electromagnetic micro generator are very small, therefore, the self-impedance of the micro generators are not included for the analysis of the proposed converter operation. However, it can be incorporated in the analysis, for the prediction of the performances of the entire energy harvesting system.
VI. Simulation Results
A resonance-based electromagnetic micro-generator, producing 400 mV peak sinusoidal output voltages, with 100-Hz frequency is considered in this study for verification of the proposed converter topology. Table I . Table 6 .1 Circuit components of the converter To verify the proposed control schemes, at first simulation is carried out for the control scheme1, using The input current of the boost converter and the input current of the buck-boost converter for load resistance R=200Ω "as shown in Fig 18 and 19". For high step-up ratio, the duty cycles of the converters with same inductor values will be almost equal. Hence, to achieve simple control structure, less component counts and for all other practical advantages, both the boost converter and the buck-boost converter can be controlled with same duty cycle for such high step-up applications. From figure 20, it can be seen that with the equal duty ratio control, the converter can successfully produce the desired output voltage.
To verify the operation of the converter under different load conditions, the load resistance is increased to   400
L R
The input voltage, input current, and the estimated duty cycle by the controller are "as shown in Fig 22" . The simulations are carried out with the self-starting circuit from Fig .16 proposed for the converter . The battery of the self-starting circuit is modeled as a constant voltage source of 3.0 V. during start-up period of the converter, the power consumed by the control circuit from the battery and the converter is "as shown in Fig  24" . Fig.24 . converter, battery power and voltages during self start-up. curves (i), (ii), (iii), and (iv) shows the power supplied by the battery, power draw from the converter output, battery voltage, and converter output voltage, respectively The simulations are carried out for scheme1 i.e., with equal inductor values for high step-up ratio, the duty cycles of the converter with same inductor values will be almost equal. Hence, to achieve simple control structure, less component counts and for all other practical advantages, both the boost and buck-boost converter can be controlled with same duty cycle for such high step-up applications.
The simulations are carried out with the self-starting circuit proposed for the converter. It can be found that the start-up time taken by the converter is about 4.6 ms. this is less than the half cycle period of the input ac voltage (100 Hz).
VII. Conclusion
The presented direct ac-to-dc low voltage energy-harvesting converter avoids the conventional bridge rectification and achieves higher efficiency. The proposed converter consists of a boost converter in parallel with a buck-boost converter. The negative gain of the buck-boost converter is utilized to boost the voltage of the negative half cycle of the micro generator to positive ac voltage. Detailed analysis of the converter for direct act dc power conversion is carried out and the relations between various converter circuit parameters and control parameters are obtained. Based on the analysis, a simplified control scheme is proposed for high-voltage step-up application.
Design guidelines are presented for selecting values of the key components and control parameters of the converter. A self-startup circuit, using a battery only during the beginning of the converter operation, is proposed for the energy-harvesting converter operation and the implementation of the self-startup circuit and the control circuit of the converter is presented in details. Based on the analysis and the design guidelines, a prototype of the converter is developed. The proposed control scheme with the self-startup circuit is implemented and the converter is successfully operated to directly step-up the low ac voltage to a high dc voltage.
